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In this study, a new model was presented for computing strength of rock masses based upon in-situ
observations of RQD popularly known as rock quality designation. This model links up the rock mass
parameters from in-situ investigations with the strength parameters of jointed rocks obtained from
laboratory scale experimental observations. Using the constitutive relation, the author derived a pressure
and damage sensitive plastic parameter to determine strength of rock masses for varied extents of
discontinuity and pressure induced damage. The test results show that plasticity characterized by
hardening and softening inclusive of damage invariably depends upon mean pressure and extent of
deformations already experienced by rock masses. The present work explores the test data that reveal
the dependence of in-situ strength on incremental joint parameters obtained from the joint number,
joint orientation, joint roughness, gouge parameters and water pressure. Substituting the relationship
between the RQD and modiﬁed joint factor with that between modulus ratio and strength ratio, the
model shows successfully that using damage inclusive plastic parameter and RQD provides a relationship
for estimating the strength of rock masses. One of the main objectives of this work is to illustrate that the
present model is sensitive to plasticity and damage together in estimating in-situ strength of rock masses
in foundations, underground excavation and tunnels.
 2015 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
Mechanical properties of rock mass interpreted by engineers in
ﬁeld differ signiﬁcantly due to the micro-disconformities of
strength. The failure theories indicate that the strength is a ther-
modynamic state depending upon isotropic pressure, which is
insigniﬁcant at the opening of the discontinuity and reaches a peak
at a location of stress concentration. The peak pressure seeks
adjustment due to localization of deformation. This process of
adjustment, accompanied by plastic deformations, proceeds
through a path-speciﬁc initial condition to a state often referred to
as failure. In the course of compression, rock masses show varied
levels of hardening and softening together in relation to the ten-
sion, isotropic pressure and peak uniaxial compressive strength of
relatively intact rocks. The initial conﬁnement for varied jointock and Soil Mechanics, Chi-
ics, Chinese Academy of Sci-
hts reserved.conditions sets a path-dependent guided deformation up to failure
stress. The plastic theories of failure propose the path-dependent
guided deformation incorporating stress invariants (I1, J2, J3) (Yu,
2006) where the conﬁning pressure, the magnitude of shear
stresses and their directions control the failure behavior. The crit-
ical state model (Roscoe et al., 1958) suggests a robust model to
explain shear deformation of soft homogeneous granular material
which conﬁrms that critical state line shifts downward as grading
broadens (Li et al., 2015), as that happens in case of increasing the
number of joints in rock masses. The behaviors of mass materials,
consisting of inherent and induced discontinuities, anisotropy, and
non-homogeneities, namely, rock masses, require considerations of
cumulative plastic strains in a relatively intact and fully adjusted
state, which can be explained realistically by the disturbed state
concept (DSC) (Desai, 2015a,b).
During deformation, all the mass materials show conservative
and dissipative work components. With the progress of plastic
deformation, there is a zone of plastic ﬂow. As a result, a component
of work dissipates as a scatter of thermal output, often ignored in
rock engineering practices. The limited plastic ﬂow, carried forward
at varied strength ratios, is the cumulative irrecoverable strain,
which ﬁnally develops into continuous joint. The strength ratio
(smr) is a ratio of the strength (sm) of rock mass containing a
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(sr) where the network of joints is microscopic. With the progress
of loading, a ﬂow rule depending upon a plastic potential function
captures the plastic ﬂow. The deformation of fractured rock mass
undergoes hardening and/or softening, which makes it hard or soft
on yield relative to its reference state. In other words, the hardening
mode sets a condition for contraction, while the softening as-
sumptions permit gradual dissociation of grains at micro-
mechanical level (Fig. 1). Suchmicroscopic dissociations, frequently
bringing conﬂicting deformation in rock masses at macro-
mechanical level, are often mapped by jointing patterns visible
on scan line survey as captured by the rock quality designation
(RQD) (Table 1). The RQD is one of the most popular rock investi-
gation techniques. It uses directly the in-situ core recovery data of
rock mass and is deﬁned as percent recovery of intact pieces of rock
core larger than 10 cm to the total length of drilled core (usually
100 cm) as proposed by Deere et al. (1967). Therefore, the present
work proposes a relationship between strength ratio and RQD
incorporating nonlinearity owing to rock mass mapping and
intrinsic joint characteristics. The mean conﬁning pressure (pi) in-
duces a progressive hardening or softening through strain energy
storage, respectively, up to a value related to uniaxial compressive
strength of intact rock (sr). This strain energy dissipates at a rate
depending upon a pressure sensitive dissipation process.
1.1. Evolution of pressure and damage sensitive plastic parameters
Drucker and Prager (1952) and Drucker (1959) described in their
seminal work that the mass materials may experience isotropic and
kinematic hardening (Shield and Ziegler, 1958) and softening. The
temporal softening process invokes a plastic ﬂow as postulated by
several investigators (Roscoe et al., 1958; Hirai and Satake, 1982;
Spitzig and Richmond, 1984). Based upon these concepts, the
author considered a transition of yield surface due to a progressiveIntact rock
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Fig. 1. Shear-volume change characteristics oplastic ﬂow for the rock mass, which transforms in the stress space.
The yield surface may expand, contract, change its shape or
translate upon loading and yield characterized by a pressure to set a
plastic ﬂow. Then a ﬂow rule governs the evolution, both in the
magnitude and in the direction of the plastic strain rate with the
stress and stress increment. Additionally, a hardening or softening
rule accompanying damage provides scope for modiﬁed yield
conditions during plastic ﬂow. Based upon this concept, at an
ambient temperature and initial isotropic pressure (pi/sr), the joint
hardening or softening occurs at a nonlinear rate. Therefore, this
study recognized a pressure dependent and a pressureetempera-
ture coupled nonlinear plastic parameter (<Chs>) at granular level
for unit changes in joint damage parameter (<hhs>). <Chs> is
piece-wise continuous in hardening or softening range, within the
limits of Ï and Î, such that they correspond to Ï ><Chs>>Î. If Ï/ 0,
the work is conserved, and the deformation is independent of joint
contraction or dilation. The joint damage parameter is a ratio of
modiﬁed joint factor (Jfg) in hardening and softening ranges. For an
initial value of the plastic parameter, Ï><Chs>>Î, the rock masses
undergo deformations with the effects of conﬁnement, shape and
size. Themodiﬁed joint factor is physically estimated from joint and
in-situ rock mass characterization, namely, RQD, with consider-
ation of cumulative plastic strains. Although there are several var-
iants of dilatancy dependent plastic parameter in the contemporary
engineering literature (Taylor, 1948; Rowe, 1962, 1969; de Jong,
1976; Bolton, 1986; Yuan and Harrison, 2004) which consider cu-
mulative plastic strains, one of the most popular deﬁnitions con-
sists of the percent volume change following plastic deformation
divided by the magnitude of the shear strain. If the ratio of shear
stress to isotropic pressure is such that volume increases, then the
specimens are strong at yield and hence dilate (Schoﬁeld and
Wroth, 1968).
The force interaction at varied scales and plastic dilatancy
experienced by various mass materials, namely, metals, soils, andProgressive plastic  flow
 joint conditions
f intrinsic joint conditions
n
εs
εs
f rock masses under mechanical loading.
Table 1
Scan line survey for multi-grain, multi-block, block-grain interaction in mass materials and engineering solutions.
Scanning
size (mm)
Example Force interaction Dominant activity and uses Solutions
107e106 Electron cloud, ionsa Quantum mechanical interactions, no free
parameters, few 100 s of atomsb,c,d
Determine crystal structure and defects
106e105 Dilute granular interactione, Brownian
motion, precipitation, sub-grain
boundaries, micro-porous zeolite and
clay formationsb,c,d, origin of
micro-porous rocksf
Effective interaction potential, few million
of atoms, molecular dynamicse,
sedimentation-consolidation processesf
Evolution of self-similar, self-assembled
structures involving several so-called
interacting defects
Initial value
problem to
boundary value
104 Dislocations, meso-porous silicate
formationsb,c,d
Discrete material dislocation, elasticity-
based modeling of large ensembles of
defects
Aims to predict mechanical properties
103 Sub-grain-slip-band Meso-friction, plasticity multi-mode
interactions: macroscopic-friction,
plasticity, dislocations, bifurcations,
separations, disturbance, and damage;
interaction of several thousand of bundle
of blocks at micro-, meso- and macro-
mechanical levels
Plane strain problem Plane strain to plane
stress problem, forced interactions, damage
sensitivities, aims to predict engineering
behavior of mass materials
Boundary value
problem to
initial value
102 Grain inclusions, voids
101 Large plastic strains
100 Elasto-plastic ﬁeld
101 Continued elasto-plastic assumption
and observations, rebound-indentation
102 Intact-sample-test-size such as core
diameter in triaxial cell
103 RQD-core scan line, rock-masses,
multi-scale: multi-block interactiong
>103 Massive structures
Note: a McClintock and Irwin (1965), b Förster and Plantenberg (2002), c Sen et al. (2003), d Innocenzi et al. (2013), e Luding (2009), fTrivedi et al. (2015), g Trivedi (2010, 2013a).
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2, respectively. The author envisaged a relationship for volume
change characteristics with the damage sensitive plastic parame-
ters which varies between Ï and Î covered by the range of hardening
and softening parameters affected by the applied pressure. It re-
lates the strength of rock mass to the joint parameters with plastic
parameters in selected range of observed values (Table 3).
Several early investigators such as Bieniawski (1978) and
Seraﬁm and Pereira (1983) afﬁrmed that varied in-situ states,
conditions and boundary settings may produce different de-
formations. The loading and boundary settings indirectly refer to
the path sensitive deformations as duly considered in this work.
This work conceives a consistent model for rock masses which
connects the strength with a pressure sensitive plastic parameter
including progressive failure (Trivedi and Sud, 2005) using consti-
tutive relationship from the laboratory test data to in-situ testing,
namely, RQD.
Historically, varied rock mass classiﬁcation systems, namely,
rock mass rating (RMR) by Bieniawski (1978) and Nicholson and
Bieniawski (1990), and geological strength index (GSI) by HoekTable 2
Observed plastic dilatancy for various mass materials.
Material Observed maximum
plastic dilatancy
Material
Aluminum 1100 aluminuma 0.0005 Rocks
Steel Maraging steel (unaged)a,b 0.001
HY80 steela,b 0.002
4310 steela,b 0.004
4330 steela,b 0.004
Maraging steel (aged)a,b 0.007
Clay Marl clayc w0.5
Leda clayc w0.64
Sand Mersey river quartz sandd,e 1
17 different sandsf 1.25
Note: a Spitzig and Richmond (1984), b Stoughton and Yoon (2004), c Vatsala et al. (2001),
and Satake (1982), i Akai et al. (1978), j Trivedi (2010), k Besuelle et al. (2000), l Yuan anand Brown (1980), Hoek (1983), Hoek and Diederichs (2006), and
Hoek andMartin (2014) using their proliﬁc experiences, considered
a set of ﬁeld observations to propose compressive strength of rock
mass. Hoek and Brown (1980) derived their strength criterion on
the basis of a vast amount of data and knowledge gathered from the
deformation of concrete which in fact has a strength comparable to
intact rocks, both consisting of micro-disconformities. Kalamaras
and Bieniawski (1995) used RMR, which included the joint
spacing, and RQD to predict strength of rock mass. Martin et al.
(1999) considered tunnel instability and brittle failure as func-
tions of RMR and the ratio of the maximum far-ﬁeld stress to the
unconﬁned compressive strength. Villeneuve et al. (2012) consid-
ered the effect of grain scale heterogeneity on rock strength and the
chipping process which is conceived as fragmentation of joints in
several studies. As per Terzaghi (1946), the joints are among the
most important causes of overbreak and of troubles induced by
water, and they always deserve careful consideration. Additionally,
RMR and GSI present a measure of qualitative assessment of jointed
rock masses. The Q-system (Barton, 1986, 2013) considered six
parameters including RQD, joint number, roughness, effect ofObserved maximum plastic dilatancy
Natural calcarenitec w0.5
Cemented soft rockg 1.5
Soft rocksh,i w3
Jointed rocksj 0.6 at high conﬁnement
3 at low conﬁnement
Vosges sandstonek,l w0.6 at conﬁnement of 30 MPa
w8 at conﬁnement of 0.5 MPa
Gebdykes dolomitem,l w0.06 at conﬁnement of 90 MPa
w8 at conﬁnement of 5 MPa
Rock massesn w1e5 (for z ¼ 1e5) inclusive of associated damages
d Horne (1965), e Rowe (1969), f Bolton (1986), g Castellanza and Nova (2004), h Hirai
d Harrison (2004), m Santarelli (1987), n Present work.
Table 3
Estimates of the maximum (Ï) and minimum (Î) values of ap.
Material Ï (maximum) Î (minimum) Data gradient Selected data points Determination coefﬁcient
Gypsuma 0.0053 0.011 e0.0006Jf 6 r2 ¼ 0.0518
Gypsumb 0.0032 0.015 e0.0008Jf 4 r2 ¼ 0.1056
Concrete blocksc 0.001 0.011 e0.0006Jf 10 r2 ¼ 0.0168
Plaster of Paris, Kota sandstone, granited 0.0017 0.085 e0.0084Jf 26 r2 ¼ 0.3447
Jamrani sandstone, Agra sandstonee 0.0001 0.019 e0.0002Jf 30 r2 ¼ 0.0023
Kota sandstonef 0.0054 0.031 e0.0003Jfg 17 r2 ¼ 0.0012
Plaster of Parisg 0.0016 0.012 e0.0005Jf 50 r2 ¼ 0.0396
Cement blocksh 0.002 0.015 e0.0006Jfg 14 r2 ¼ 0.0168
Note: a Brown (1970), b Brown and Trollope (1970), c Einstein and Hirschfeld (1973), d Yaji (1984), e Arora (1987), f Trivedi (1990), g Roy (1993), h Jain (2011).
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reduction factor. McLamore and Gray (1967) pointed out the sig-
niﬁcant effect of the joint inclination on the strength of jointed
rocks at low conﬁnement. Ramamurthy and Arora (1994) and
Trivedi (2010) considered joint parameters consisting of joint
number, orientation, roughness and block to propose the strength
of jointed rock mass based on statistical and numerical analysis,
respectively. Priest and Hudson (1976) and Sen (1984) proposed a
relationship between discontinuity spacing and RQD to capture in-
situ state of rock quality designated on a broad scale.
The deformation obtained from joint number, vertical and
horizontal stiffnesses (Zhang and Einstein, 2004; Zhang, 2010;
Trivedi, 2013a,b) provided a correlation with RQD obtained from
different sources. The relationship between joint stiffness charac-
teristics and rock mass deformation (Zhang, 2009) leaves a scope to
consider a pressure and damage sensitive plastic parameterTable 4
Strength ratio from rock mass characterizations systems (RMR, GSI, RQD and Q-system).
Rock mass
characterization
system (scale)
RQD Joints
spacing (m)
UCS (MPa) Joint water
pressure
(Jw ¼ u/s1)
Inﬂow (Jk)
(L/min)
RMR 100e0
(R1¼ 25e0)
0.01e10
(R2¼ 25e0)
300e0
(R3¼ 16e0)
0e0.6
(R4¼ 16e0)
1e1000
For 10 m tu
(R4 ¼ 16e0
(0e100) RMR ¼ R1 þ R2 þ R3 þ R4 þ R5 þ R6; asmr ¼ {exp[(RMR e 100)/9]}0.
Q 100e0 0.5e20 e e 1e0.05
(0.001e1000) Q ¼ [(RQD/Jn) (Jr/Ja)(Jw/SRF)]; csm ¼ 5g(Qsr/100)1/3, g is the unit wei
GSI 100e0 0.01e10 300e0 0e0.6 e
(0e100) GSI ¼ 9log10[(RQD/Jn) (Jr/Ja)] þ 44 (Jr/Ja)(from Q-system); GSI ¼ 10 þ
RQDd,e e Jn ¼ f2(R2) sr ¼ f3(R3) Jw ¼ f4(R4)
(0e100) Jfg¼ a[exp(b RQD)]; smr¼ Emr exp[a Chs exp(bRQD)]; a and b depend u
damage sensitive plastic parameter
Note: a Hoek and Brown (1980), b Kalamaras and Bieniawski (1995), c Barton (2002), d T
Table 5
Strength ratio from laboratory and in-situ characterization systems (RAC, Jfg, and RQD).
Rock mass
characterization
system
(scale)
RQD Number of
joints (m1)
UCS
(sr)
Joint water
pressure
(Jw ¼ u/s1)
Inﬂow (Jk) Gouge thi
paramete
(Ja)
RACa e 13e500 smr e e e
(Jf ¼ 0e500) smr ¼ exp(ap Jf); Jf ¼ Jn/(nb r); ap ¼ 0.008
Modiﬁed joint
factorb,c
e f(Jn) smr As per the depth of water
table relative to the joint
f (t/ta)
(Jfg ¼ 0e1000) smr ¼ Emr exp(ChsJfg); smr ¼ exp(ap Jfgp ); ap ¼ 0.001 to 0.1
RQDc,d
(0e100)
Jfg ¼ a exp(bRQD); smr ¼ Emr exp[aChsexp(bRQD)]; a and b depend u
Note: a Ramamurthy and Arora (1994); b Trivedi (2010); c Trivedi (2013a); d Present wodependent on joint characteristics in order to predict strength of
rock mass from RQD.
The equivalent continuummodel (ECM) considers the rockmass
as a continuum that reﬂects the deformations of both the intact
rocks and discontinuities (Zhang, 2010). The ECM uses some of the
strength properties of intact rocks and discontinuities from the
laboratory as well in-situ tests as compared in Tables 4 and 5, where
UCS is the unconﬁned compressive strength.1.2. Scope of study
The early studies left a scope for estimation of pressure and
damage sensitive parameters of rock masses as one of the unsolved
issues. The strength of jointed rock mass was yet to relate a readily
obtained plasticity unifying hardening, softening and damageGouge
thickness
parameter
(t/ta) (Ja) (mm)
Roughness
parameter
(Jr)
Orientation
parameter
(nb) ()
SRF Application
nnel
)
0e6
(R5 ¼ 35e0)
e 0e90
(R6 ¼ 300)
e Tunnels
deformations
5 and bsmr ¼ exp[(RMR  100)/24]
0.75e20 0.5e4 e 10e1 Tunnels
deformations
ght in g/cm3
e e e e Characterization
of deformations
R1 þ R2 þ R3 þ R4 (from RMR); asmr ¼ {exp[(GSIe100)/9]}0.5 for GSI>25
cg ¼ f5(R5) r ¼ f(sm) nb ¼ f6(R6) ap¼ l/C
pon the relationship between Jfg and RQD; Chs is a pressure and In-situ
applications
rivedi (2013a); e Present work.
ckness
r (t/ta)
Roughness
parameter (Jr)
Orientation
parameter (nb)
Dilatancy Application
r ¼ tanf 0.1e1 e Strength characteristics
r ¼ f (sm) 0.1e1 ap ¼ l/C Strength characteristics,
deformations
pon the relationship between Jfg and RQD In-situ strength and
deformation
rk.
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through measurements such as joint parameters and RQD.
Based upon the observations, the key features of the present
study are presented as follows:
(1) The rock masses have characteristics of inherent and induced
discontinuities, micro-structural dissociations, fractures, and
massive non-homogeneities, namely, gouge. The inherent dis-
continuities normally present in the rock mass. The induced
discontinuities are produced due to the presence of pressure.
(2) The rock masses consist of elastic and damage coupled plastic
deformations.
(3) The stress invariants conveniently express the behavior of rock
masses.
(4) The empirical data including JC-criterion (Johnston and Chiu,
1984; Johnston, 1985) provide a basis for obtaining yield
functions.
(5) A pressure sensitive plastic parameter relates the initial to ﬁnal
conditions of joint and plastic yield.
(6) The experimental database provides a relationship between the
rock mass strength and Jfg using a softening parameter. Simi-
larly, there exists a relationship characterized by a hardening
parameter between modulus ratio and Jfg in the hardening
range.
(7) The in-situ exploration of rock mass provides a relationship
between Jfg and RQD.
(8) Using the concept of joint damage, hardening and softening, a
pressure sensitive plastic parameter is evolved.
(9) A pressure and damage sensitive plastic parameter connects
strength of rock mass with RQD, which allows considering the
effects of cumulative plastic strains and damage together.
The present study proposes that rock mass strength parameters
should be re-examined to have potential for capturing extent of
damage and plasticity, unifying effects of anisotropy, joint orien-
tation, discontinuity frequency, presence of gouge, water pressure
and especially plasticity due to the conﬁnement and direction of
shear stresses from initial to ﬁnal conditions of failure in relation to
the in-situ tests. A modiﬁed joint factor (Jfg), observed during rock
explorations, considers intrinsic rock mass characteristics, i.e.
discontinuity frequency such as joint number found from scan line,
roughness from friction parameter, joint inclination using orien-
tation parameter (Table 6), joint and gouge conditions, density of
gouge, groundwater and stress conditions, to be incorporated in
strength (Tables 4e6).Table 6
Orientation parameters for different joint inclinations of blank and gouged joints.
Joint inclination
angle, b ()
a Orientation
parameter, nb
b Orientation parameter
with clay gouge, nbr
0 0.82 e
10 0.46 e
20 0.11 e
30 0.05 e
40 0.09 e
50 0.30 e
55 0.39 0.054
60 0.475 0.195
70 0.644 0.445
75 0.729 0.557
80 0.814 0.661
85 0.9 0.76
90 0.95 0.853
Intact rock 1 1
Note: aArora (1987), bTrivedi (1990).In this paper, the plastic parameter was obtained numerically
for input of isotropic pressure ratio (pi/sr), which was set into rock
mass as per JC-criterion. The rock mass tends to reach failure upon
loading. It was conceived in strength ratio (smr). The strength ratio
is obtained from laboratory tests on intact rock and jointed rock
samples. It is inﬂuenced by the direction of joints, which in turn
inﬂuences direction of shear stresses (J3). The strength ratio (smr)
has been captured as a function of joint parameters, namely,
modiﬁed joint factor (Jfg), and plastic parameter (Chs). The strength
loss as an effect of jointing pattern used in the present work has
similar effects on DSC proposed by Desai (2015a,b), which recog-
nizes a relatively intact strength and fully adjusted state where the
effect of damage inclusive cumulative plastic strain may decrease
strength values to be lower than the values predicted by the critical
state model.2. Preliminary deﬁnitions
2.1. Strength ratio
The strength of rock masses (sm) is evaluated in terms of
strength ratio (smr) which is a ratio of strength of rock mass (sm) to
that of intact rock sample (sr) of the same size and shape. One of the
main aims of ﬁnding strength ratio in terms of signiﬁcant joint
parameters, namely, modiﬁed joint factor, is to get readily the
strength of rock mass by conducting uniaxial compression test on
the intact rock. If s1m, s2m and s3m are the principal stresses in the
rock mass and sr is the compressive strength of intact rock sample
in uniaxial test, then in the triaxial case, the ratio at failure is
expressed as
p ¼ ðs1m þ s2m þ s3mÞ=3 (1)
In axisymmetrical case, we have
p ¼ ðs1m þ 2s3mÞ=3 (2)
q ¼ s1m  s3m (3)
smr ¼ ½ðs1m þ s2m þ s3mÞ=3=ðsr=3Þ (4)
According to Eqs. (1) and (4), we have
smr ¼ p=ðsr=3Þ (5)
Under uniaxial condition, smr can be calculated as
smr ¼ sm=sr (6)
The mean conﬁning pressure ratio and shear stress ratio in
axisymmetrical case are respectively deﬁned as
pmr ¼ ½ðs1m þ 2s3mÞ=3=sr (7)
qmr ¼ ðs1m  s3mÞ=sr (8)
Under triaxial condition, the modulus ratio is represented as
Emr ¼ Em=Er (9)
where Er and Em are the deformation moduli deﬁned as stress and
strain ratio of intact rock and rock mass, respectively, at varied
strain levels in a selected range of pressure.
Table 7
Trial parameters for yield surfaces (Johnston, 1985).
Group Rock type UCS (MPa) B M cb c cm
A Limestonea 96 0.481 7.43 0.0172 2.065 0.170
B Mudstoneb 1.3 0.750 6.16 0.231
C Sandstonec 68 0.444 11.4 0.270
E Granited 230 0.538 15.6 0.659
All typesb 0.276
Note: aBrook (1979), bJohnston (1985), cAldrich (1969), dSwanson and Brown
(1971).
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modiﬁed joint factor
The strength of rock masses depends on the presence of a
number of joints. The joint number (Jn) is deﬁned as joints number
per unit length of a scan line. The assigned joint number is an
equivalent directional parameter based upon the occurrence of the
joints. The orientation of the joint shows its tendency of slipping
and shearing in a selected direction. It may obstruct or facilitate the
joints to contract or dilate at different rates once stress is applied.
The joint set per unit volume considers equivalent joint frequency,
its orientation, and quantity of frictional granular ﬁll. According to
Arora (1987) and Ramamurthy and Arora (1994), the joint set is
multiplicatively equivalent to joint factor (Jf). According to Trivedi
(2010), a modiﬁed joint factor (Jfg) was proposed to capture the
multiplicative equivalence of all the rock and gouge parameters and
their transition as the loading proceeds. Arora (1987) and Trivedi
(1990) obtained the orientation parameter for the blank and
gouged joints as shown in Table 6.
The modiﬁed joint factor relates the joint number (Jn) and the
modiﬁed joint factor (Jf) to joint and gouge parameters, presented
in dimensionless form as
Jfg ¼ cg Jf ¼ c0g Jn
Jf ¼

Lna

nbr

Jn
c0g ¼ cg

Lna

nbr

9>=
>; (10)
where nb is the orientation parameter related to the angle between
joints orientation and the direction of loading (b) or to the friction
parameter (r). The reference value of friction parameter r ¼ 1, and
the reference value of length parameter La ¼ 1 m.
Based upon the experimental results of several investigators
(Yaji, 1984; Arora, 1987; Trivedi, 1990; Arora and Trivedi, 1992;Table 8
Plastic parameter ap for rock mass from numerical trials.
End conditions Aba Cb ap ¼ l/C l Ab/Cb
Triaxial (min) 3 1 0.025 0.025 3
2.75 0.009 1.09
5 0.005 0.6
10 0.0025 0.3
Triaxial (max) 1 0.038 0.0383 3
2.75 0.0139 1.09
5 0.0076 0.6
10 0.0038 0.3
Plane strain (min) 5 1 0.0275 0.0275 5
2.75 0.01 1.81
5 0.0055 1
10 0.00275 0.5
Plane strain (max) 1 0.0415 0.0416 5
2.75 0.0151 1.81
5 0.0083 1
10 0.00415 0.5
Note: a Bolton (1986), b Trivedi (2010).Trivedi and Arora, 2007; Trivedi, 2010, 2013a,b), the author
considered varied engineering parameters of rock masses from
laboratory tests in relation to ﬁeld investigations to deﬁne cg as
cg ¼ Jdj Jt
.
ðgd JwÞ (11)
where Jdj is the modiﬁed coefﬁcient for joint depth (joint stress
parameter); Jt is the modiﬁed coefﬁcient for thickness of gouge
(gouge thickness parameter); gd is the modiﬁed coefﬁcient for the
compactness of joint walls and relative density of granular ﬁll,
namely, gouge, which equals 1 for fully compacted joints; Jw is the
modiﬁed coefﬁcient for groundwater conditions.
Accordingly, the gouge is a hydro-thermal deposit in rock
masses which may allow the ﬂow of water through the joints
measurable in terms of permeability (Singh et al., 2014). The
consolidated and unconsolidated gouge in rock masses (Trivedi
et al., 2014, 2015) may increase or decrease the strength. The
grains in the discontinuity tend to consolidate or dilate during
loading. Jhfg and J
p
fg refer to the instantaneous values of modiﬁed
joint factor (Jfg) in the hardening and softening range, respectively,
separated by a saddle pressure at a maximum value of damage
sensitive plastic parameter characterized by Ï. The effect of pres-
sure sensitive plasticity on rock mass parameters, stress condition
(plane stress and plane strain) and Emr is listed in Tables 7e9,
respectively. The progressive compression and dilation of inﬁll in-
ﬂuence the strength and deformation characteristics of rock
masses. In the water pressure induced ﬁeld condition, Jw may be
considered as a linear function of excess pore pressure parameter
(in a range of 1e0.05) (similar to the Q-system by Barton (2013)).
Similarly, Jw is indirectly estimated from the groundwater param-
eter R4 of RMR system (as R4 in Tables 4 and 5).
Since in the hardening range, Jfg / Jhfg, while in the softening
range, Jfg/ J
p
fg, strength ratio at failure is
smr ¼ exp

apJ
p
fg

(12)
where ap is a ﬁtting parameter. The values of ap appear in a wide
range, as shown in Table 3.
Alternatively, Eq. (12) can be rewritten as
ap ¼ lnsmr
.
Jpfg (13)
Similarly, we haveTable 9
Relationship between UCS and modulus ratio.
Material UCS (MPa) Best ﬁt dmr d, dm Selected data points and
determination coefﬁcient
Concrete 80 e 3a Wide range
41 e 2b Wide range
Intact rocks and
rock masses
10e250 2.02c e 55; r2 ¼ 0.96
5e120 1.4d e 52; r2 ¼ 0.95
10e320 0.80e e 35; r2 ¼ 0.57
e e 1e0.4d e
e 0.7f 1e0.5f e
2e200 1.08g e 12; r2 ¼ 0.76
0.1e20 0.726g e 30; r2 ¼ 0.91
3e20 0.628g e 14; r2 ¼ 0.86
0.1e20 0.595g e 12; r2 ¼ 0.79
Note: a CEB-FIPModel Code (1990), b ACI Committee 318 (1995), c Chun et al. (2009),
d Sonmez et al. (2004), e Lama and Vutukuri (1978), f Zhang (2009), g Arora (1987), g
Singh (1997), g Ramamurthy (2004), g Singh and Rao (2005).
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Fig. 2. Strength ratio vs. joint factor and modiﬁed joint factor.
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
Ch J
h
fg

(14)
Ch ¼ lnEmr
.
Jhfg (15)
where Ch is a pressure and joint dependent hardening parameter.
Fig. 2 shows compiled experimental data of strength ratio and
modiﬁed joint factor obtained by various investigators including
the data obtained from in-situ observations of GSI and RMR system.
The upper bound values correspond to the laboratory controlled
studies while the lower bound values are obtained from in-situ
observations.
Table 3 shows low values of determination coefﬁcient and
maximum and minimum values of ap based upon joint factor and
modiﬁed joint factor in the past studies. It is important to note that
not all these studies necessarily capture the plastic and damage
induced volume change during deformation.
2.3. Joint strains, volume changes and yield function
According to elastoplastic theory, the total strain increment
consists of elastic and plastic strain increments as an effect of
pressure, temperature and resultant shear. The global change of
strain is adjusted primarily among joints and later it transforms
joints by means of irrecoverable strains ( 3p). The irrecoverable
strains consist of volumetric (d 3psv ), shear and damage components
(d 3pss and d 3
pd
s ) which are distinctively related to volumetric and
shear stresses, respectively. The volumetric stresses produce joint
closure and separation leading to a volume change. As an effect,
damage-inclusive plastic shear strain and joint shear stresses are
induced. Therefore, potential of initial isotropic stresses and joint
strain relative to plastic volumetric strain and joint shear stresses
respectively is always present in rock masses. The notions of stress
and strain are interlinked to the joints. At the fundamental level
they are related bymechanical power, and the rate of work per unit
current volume of the rock mass material, but the effect is
measured in terms of joints. Therefore, due to the applied stresses,
the effect of joint is measured instead of that of strain.
Therefore, the total strain is presented asdε ¼ dεe þ dεp (16)
The plastic strain can be formulated as
dεp ¼ dεpv þ dεps (17)
where d 3pv and d 3
p
s are the changes in damage-inclusive plastic
volumetric strain and plastic shear strain, respectively.
The plastic shear and damage strains are considered as
dεps ¼ dεpss þ dεpds
dεpm ¼ dεpsr þ dεpsj þ dε
ps
g þ dεpdr þ dεpdj þ dε
pd
g
)
(18)
where d 3psr ; d 3
ps
j and d 3
ps
g are the changes in plastic shear strain in
intact rock, rock mass, and rock joints and gouge, respectively;
d 3pdr ; d 3
pd
j and d 3
pd
g are the changes in plastic damage strain in intact
rock, rock mass, and rock joints and gouge, respectively.
For rock masses without gouge, joints are orthogonal to loads
and reference friction parameter, c0g ¼ 1; and Jfg ¼ Jn, thus we
have d 3pm ¼ d 3psr þ d 3psj þ d 3
pd
r þ d 3pdj .
For conditions without damage and insigniﬁcant presence of
joint, d 3psj /0 and d 3
pd
j / 0, thus d 3
p
m ¼ d 3pr .
The relationship of cumulative plastic strain, amid the aniso-
tropic potential of plastic strain in pressure-joint regime (ij) in rock
masses, may be represented in terms of commonly used notations
in continuum mechanics as
dεpij ¼
X
dεpkl
ε
p
kl ¼
2
4 ε11 ε12 ε13
ε21 ε22 ε23
ε31 ε32 ε33
3
5
9>=
>; (19)
where εpkl is the plastic strain in three-dimensional (3D) symmetric
tensor space; the subscripts k, l ¼ 1, 2, 3 are used for tensorial
representation. If k ¼ l, 3pv ¼ f ð 3pkkÞ; and if ks l, then 3
p
s ¼ f ð 3pklÞ.
Similarly, the stress tensor (smn) is related to a strain tensor (εkl)
using a compliance matrix (Cklmn) as
(a)         (b)            (c)      (d)            (e)       (f)
Fig. 3. Evolution of horizontal and vertical joints. b is the inclination of joints to the
direction of loading. (a) Jn ¼ 30, b ¼ 90; (b) Jn ¼ 60, b ¼ 90; (c) Jn ¼ 120, b ¼ 90; (d)
Jn ¼ 30, b ¼ 0; (e) Jn ¼ 60, b ¼ 0; (f) Jn ¼ 120, b ¼ 0 .
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X
kl
Cklmnεkl (20)
where the subscripts k, l, m, n ¼ 1, 2, 3 are used for tensorial
representation.
The scalar modulus of stress in pressure-joint regime (ij) may be
represented as sij¼ (smn)1,2,3 which is resolved into (p, q, Chs) space,
such that, ifm¼ n, snn¼ sij¼ f(p); and ifms n, then smn¼ sij¼ f(q).
Moreover, if jjj/ þN, jsijj/ 0.
However, the use of tensorial indices has been omitted in the
following arguments for simplicity. The application of full tensorial
form can be quite complex to handle numerically in presence of
non-coaxial plasticity and damage. Fortunately, most of the implicit
features of fractured material (namely, rock masses) behavior (p, q,
Chs) can be described using scalar models in deformation ﬁelds
(Herrmann et al., 1989; Herrmann and Roux, 1990; Zapperi et al.,
1997).
In the pressure-joint regime, the size of yield surface is assumed
to be affected by softening of cemented bonds as per the observa-
tions in experiments (Horpibulsuk et al., 2004). The effect of
hardening and softening due to pressureetemperature coupling
and joints may be considered together for the plastic yield. Thus,
the yield function for rock mass is deﬁned as
f ðp; q;ChsÞ ¼ 0 (21)
where Chs is the plastic parameter depending on hardening and
softening evaluated in a potential pressure-joint regime (ij).(a) (b) (c) (d) (e) (f)
Fig. 4. Evolution of inclined joints. (a) Jn ¼ 30, b ¼ 45; (b) Jn ¼ 60, b ¼ 45; (c) Jn ¼ 120,
b ¼ 45; (d) Jn ¼ 150, b ¼ 45; (e) Jn ¼ 240, b ¼ 45; (f) Jn ¼ 480, b ¼ 45 .Theoretically, the incidental value of modiﬁed joint factor (Jfg)
has an effect of time history in terms of already experienced
dilatancy and damages of rock joints:
Jfg ¼ J

ε
p
v ; ε
p
s

(22)
Jfg ¼ J0ðDpÞ (23)
whereDp is the damage-inclusive plastic dilatancy, which considers
change in volume and is associated with shear distortion and
damage. It is a function of plastic volumetric strain, plastic shear
and damage in intact rock, rock mass and gouge material.2.4. Direct measurement of rock mass characteristics and damage
through RQD
In-situ rock masses consist of discontinuity, inclusions and
weaknesses. The weak formations are relatively more vulnerable to
damage upon loading and unloading. Therefore, the weakness
reappears prominently within a continuous deposit subjected to a
combination of stresses due to the drilling associated process. The
drilling process recovers a core of rock mass while joints appear as
discontinuities at unequal intervals. Normally the average joints
number is counted in the unit length of the scan line. Figs. 3e5
shows idealized rock joint parameters in the rock core as func-
tions of modiﬁed joint factor and RQD. Fig. 6 shows the gradual
closure of joint pattern due to pressure-induced hardening while
Fig. 7 shows gradual impairment of rock mass as an effect of
pressure-induced softening.
Field investigations to obtain RQD consist of the orientation of
the joints relative to the direction of the scan line to obtain orien-
tation parameter. The core recovery log should be speciﬁed addi-
tionally to get record of orientation on the data sheet of bore log.
The geotechnical applications consider RQD as a percentage of scan
line consisting of intact samples greater than 100 mm, which is
presented as
RQD ¼
X
Li
.
Ln

 100% (24)
where Li is the length of intact piece of core in a scan line having
size equal to or greater than 100 mm, and Ln is the total length of
drill length for core recovery.Fig. 5. Consideration of horizontal and inclined joints in RQD and modiﬁed joint factor.
Li1 is the length of the ﬁrst core segment, and Lg1 is the thickness of the ﬁrst gouge
segment. (a) Jn ¼ 5, b ¼ 90; (b) Jn ¼ 5, b ¼ 45; (c) Intact core with length of Ln ¼ 1 m;
(d) Core segment, b ¼ 45 .
Fig. 6. The evolution of hardening and damage in six stages as an effect of accumu-
lated plastic strains in hardening range to increase strength at all possible values of
modiﬁed joint factor at selected RQDs.
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chanics that has a lot of challenging questions. There is a quanti-
tative evaluation system available to supplement RQD (such as the
parameters considered in calculation of modiﬁed joint factor)
based upon ﬁeld geotechnical investigation and a pressure and
damage sensitive plastic parameter obtained from constitutive re-
lationships. The RQD (as considered by Deere and Deere (1988)) can
yet be supported and improved by a set of reﬂective parameters (as
parameterized in modiﬁed joint factor Jfg). In a similar attempt,
several researchers introduced other parameters to describe quality
of the rock mass, such as Q-system, GSI, and RMR.
Priest and Hudson (1976) proposed that the estimate of RQD
should be related to joint spacing measurement of the core as
RQD ¼ 100ð1þ 0:1JnÞe0:1Jn (25)
They also suggested a modiﬁcation for the joint number ranging
from 6 to 16 per meter represented in parametric form as
RQD ¼ RQDfn  nl Jn (26)
where RQDfn is a value of RQD that is not necessarily observed in
the RQD scale but appears in empirical relationship due to linear-
ization. Here in Eq. (26), RQDfn ¼ 110.4, nl ¼ 3.68.Fig. 7. The evolution of softening and damage in six stages as an effect of accumulated
plastic strains in softening range to decrease strength at all possible values of modiﬁed
joint factor at selected RQDs.Palmstrom (1996) considered block volume Vb (related to joint
frequency), and joint condition (jc) including roughness of joints to
propose the rock mass strength:
smr ¼ 0:2j0:5c VDb (27)
where D ¼ 0:37j0:2c :
Based upon the observations of Palmstrom (1996) and Grenon
and Hadjigeorgiou (2003) that neglected volumetric joint count
and thus would estimate erroneously the discontinuity pattern in
rock masses, Palmstrom (2005) proposed the joint number per unit
volume ðnvJv ¼ nlJnÞ instead of Jn, which may be represented as
RQD ¼ RQDfv  nvJv ¼ RQDfn  nl Jn (28)
There are inherent similarities between Eqs. (26) and (28). As per
Palmstrom (2005), RQDfv is equal to 115, the value of nv may be 3.3
and nl/nv ¼ 1e6, therefore the range of nl may be as high as 1e20.
Eq. (28) is applicable if the volumetric joint count (Jv) is 4.5e35.
The relationship between RQD and volumetric joint characteristics
(Eqs. (26)e(28)) provides a scope for further analysis of intrinsic
joint characteristics. The minimumvalue of joint volume in Eq. (28)
for intact rocks nearly equals 4.5%, which is not necessarily
consistent with the in-situ observations as shown in Fig. 8 where
the effects of accumulated plastic strains and scale effects are
considered (up to b ¼ 0.05). In fact, the observation of RQD for
rock masses (Eqs. (25)e(28)) is essentially exclusionary in nature,
which offsets the inﬂuence of drill mass sizes less than 10 cm. In
order to fracture initiation at micro- to meso-scale and accumu-
lated plastic strain, the author proposed to relate RQDwith intrinsic
joint characteristics (b ¼ 1 to 0.01).2.5. Relationship between RQD and intrinsic joint characteristics
Sen and Eissa (1991) examined the use of lognormal and
negative exponential relationships between RQD and joint volume.
They showed that decreasing RQD value with increasing difference
in length of block side or joint spacing, the changes in block size
tend to adjust the stress intensity at discontinuities. These obser-
vations call for modiﬁcation of the relationship between RQD and
joint and gouge parameters, namely, extent of joints, volume of
gouge, friction, material of gouge, and water pressure. The scan line
as well as the volumetric joint count has an exponential relation
with RQD as the block size changes with increasing inﬁll magni-
tude. At RQD ¼ 0, the recovered rock core sizes are less than 10 cm
(relatively fragmented state), the rock mass strength characteriza-
tion should ideally be captured using parameters considered in the
calculation of modiﬁed joint factor, Jfg. Other than RQD and modi-
ﬁed joint factor, there are more parameters, namely, total core re-
covery (TCR), solid core recovery (SCR) and core recovered from the
following run (CRF), which can also be used to map the rock mass
classiﬁcation at RQD ¼ 0. Based on limited data available, it may be
stated that TCR, SCR and CRF similar to RQD (Eid, 2007; Valentine
and Norbury, 2011, 2012; Nicholls, 2012) do have inverse relation-
ships with Jfg.
On the basis of previous studies (Sen, 1984; Sen and Eissa, 1991;
Grenon and Hadjigeorgiou, 2003; Palmstrom, 2005; Trivedi,
2013a,b), an exponential relationship between modiﬁed joint fac-
tor and RQD is proposed as
Jfg ¼ a expðbRQDÞ (29)
Jf ¼

a

cg

expðbRQDÞ (30)
et al. (2009)
et al. (2009)
et al. (2009)
et al. (2009)
et al. (2009)
et al. (2009)
Fig. 8. Variation of modiﬁed joint factor with RQD at cg ¼ 1 for lower bound and cg ¼ 10 for upper bound of the maximum accumulated plastic strain.
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where a and b are the ﬁtting parameters determined according to
the minimum size of fragmented rock and characteristics of joints
in relation to RQD. The minimum size at grain boundaries, where
fracture begins, relative to the drilling length, may have a modiﬁed
joint factor higher than 1000. However, the signiﬁcant measure-
ment of fragmented rock grain relative to the drilling length tends
to the value of modiﬁed joint factor, a, which is conveniently
considered as 1000. Similarly, as per the characteristics of joints
and friction in relation to RQD, the value of bmay vary between 1
and 0.01. With reference to a set of data points from Chun et al.
(2009), b takes a value close to 0.2. The physical meaning asso-
ciated with b relates convexity in the relationship between Jfg and
RQD, which in fact is a function of accumulated plastic strain. In
hardening and softening ranges, the modiﬁed joint factor is
transformed to Jhfg and J
p
fg due to the transition of b between 1
and 0.01. In the present data sets, lower values of b are associated
largely with in-situ observation while higher values are from
controlled laboratory tests.
Thus, the transition of modiﬁed joint factor (Jfg) considers the
volumetric effect on strength and deformation characteristics
through the spacing, orientation, friction, volume of gouge mate-
rial, groundwater and internal pressure. The scan line data from
core drilling of the rock mass provide a scope for evaluation of the
ﬁtting parameters a and b.
Fig. 6 shows the variation of Jfg (modiﬁed joint factor) with RQD,
as well as the ﬁeld data of selected ﬁtting parameters a and b along
with a range of anticipated values of b with and without consid-
eration of the effect of gouge and joint parameters (namely, cg and
c0g), respectively.
The experimental data indicate that the value of modiﬁed joint
factor (Jfg) changes between 1000 and 0 for RQD varying from 0 to100. For RQD of about 100, Jfg would be in excess as per the linear
equivalent obtained by Eqs. (26) and (28), the number of joints is
greater than 16, therefore, the mass materials may be classiﬁed as
heavily jointed rock masses. Accordingly, even for higher values of
RQD, Jfg vs. RQD relationship may continue to affect b values due to
the presence of gouge. However, as RQD tends to a reduced value, Jfg
vs. RQD relationship becomes progressively sensitive to multi-size,
multi-scale and localized interactions of gouge amid accumulated
plastic strains.3. Experimental input and numerical formulation
The present work considers the generalized theoretical frame-
work of a ﬂow rule and experimental outputs of Johnston and Chiu
(1984), Johnston (1985), Arora (1987), and Trivedi (1990) for
empirical relation between strength and modulus ratio based on
signiﬁcant joint characteristics, and of Chun et al. (2009) and Zhang
(2010) for experimental data relating modulus ratio to RQD.3.1. Strength criterion in relation to the intrinsic joint
characteristics and volume changes
The JC-criterion proposes a relationship in normalized form for
intact rocks based upon the observations of Brook (1979), Johnston
(1985), Aldrich (1969), and Swanson and Brown (1971) which cover
a range of strength variation well from the tensile to compressive
strength. The review and observation of test results from several
reports published on triaxial testing on concrete, rocks and rock-
like materials (Bortolotti, 1991, 1994; Setunge et al., 1993; Yapi
Merkezi Inc, 1996; Arioglu et al., 2006; Trivedi, 2010, 2013a,b)
strongly support the suitability of JC-criterion for a wide range of
materials. The JC-criterion can be expressed as
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where s1 and s3 are the principal stresses; M and B are empirical
rock parameters related to compressive and tensile strength,
respectively, derived from compressive strength as per the JC-
criterion.
Upon simpliﬁcation of Eq. (32) we get
sr=st ¼ M=B (33)
where st is the tensile strength of rock sample.
The Mohr-Coulomb criterion (MC-criterion), one of the most
popular strength criteria for geo-materials, is applied reasonably
and well to the rockmasses when sr/st>10 (Labuz and Zang, 2012).
Interestingly, once B ¼ 1, Eq. (32) is reduced to MC-criterion as
s1N ¼ Ms3N þ 1, whereM ¼ (1 þ sinf)/(1  sinf), in which f is the
angle of internal friction of joint material.
The JC-criterion takes an advantage of inclusion of a ratio of
compressive to tensile strength as per Eq. (33) and a ratio of prin-
cipal stresses (Eq. (32)) in the dimensionless form. It considers the
ratio of tensile to compressive strength as a material constant
which can be readily estimated by standard laboratory techniques.
The frictional forces in the micro-joints and micro-crack network
modify the ratio as per Eq. (33). The modiﬁcation of empirical rock
constants, consequently on the changes in initial isotropic condi-
tion and joint conditions, is related to the modiﬁed joint factor. The
range of uniaxial compressive and tensile strengths of rocks and
rock-like materials varies signiﬁcantly upon the intrinsic factors
(Carpinteri et al., 2005), which are well considered by modiﬁed
joint characteristics. The concentration of stresses tends to extend
the failure surface, which in turn changes the stress and volume
varying pattern. With the progressive failure, the joint damage
occurs which transforms the mean effective conﬁning pressure on
the elements under consideration.
Based upon the JC-criterion, a relationship for rock masses is
considered as
B ¼ 1 cb½log10ðsm=saÞ2 (34)
M ¼ cþ cm½log10ðsm=saÞ2 (35)
where sa is the reference stress taken as 1 kPa. The values of the
empirical constants in Eqs. (32)e(35) are compiled in Table 7. c, cb,
cm are empirical rock constants in JC-criterion. For rock masses
having negligible cm, the value of M tends to c (¼2) as per the JC-
criterion. The values of cb and cm refer to the gradient in the
ﬁtting linear relationship of B and M with square of logarithmic
normalized rock mass strength as shown in Fig. 9a and b.
A wide-ranging experimental ratio of compressive to tensile
strength obtained by Palchik and Hatzor (2004) on cemented
porous chalk and other rocks and rock-like materials (Lama and
Vutukuri, 1978; Johnston, 1985) supports the proposition of line-
arity of M/B with square of logarithmic normalized rock mass
strength as shown in Fig. 9c. There is an observed linearity of
compressive to tensile strength ratio with crack initiation strength
(Perras and Diederichs, 2014; Zhao et al., 2015). However,
increasing deformation after crack initiation tends to be log-
normalized with compressive strength. The parameters of JC-
criterion are shown in Fig. 9aec in generalized form.
A great number of empirical data are available for validation of
strength theories of rock masses in relation to widely popular
HoekeBrown criterion (HB-criterion) (Hoek and Brown, 1980,
1997). The empirical constants associated with HB-criterion for
rock masses may be related to the constants used by JC-criterion.The generalized HB-criterion (Hoek and Brown, 1997) for eval-
uating rock mass strength is represented as
s1N ¼ s3N þ ðmbs3N þ sÞaHB (36)
where aHB, mb and s are the empirical rock constants as per the
generalized HB-criterion for rock masses. The constants of HB-
criterion (aHB, mb and s) are related to the constants of JC-
criterion (M and B) as
M=B ¼ mbsaHB1 (37)
Normally the development of strength criterion is based upon a
relationship between stress and strain invariants, but under ﬁeld
conditions it is inherently difﬁcult to measure actual stress-
deformation ﬁelds. Therefore, a plastic parameter based upon
preliminary observations of dilatancy from different investigators
(Table 2) is related to joint characteristics of rock mass as observed
in laboratory and ﬁeld tests.3.2. Pressure and damage sensitive plastic parameter in relation to
the dilatancy
The volume change of rock masses is normally localized due to
joints having lower values of joint parameters, namely, modiﬁed
joint factor. For higher values of modiﬁed joint factor, the volume
changes are well distributed over a larger segment of rock masses.
In these circumstances, the average value of volume change is
inherently interpretive. Moreover, the joint friction factor does not
remain constant during shear. During shear the rock mass may
contract or dilate to transform joint parameters as a compressed
function of state, namely, magnitude of pressure, compactness of
joints, damage or impairment, and material characteristics of
gouge, which are difﬁcult to be measured in practice but easier to
be interpreted if the concept of pressure sensitive damage and
dilatancy is applied to the rock masses.
Based upon the work of Taylor (1948), Rowe (1962), Vesic and
Clough (1968), Billam (1972), de Jong (1976) and Bolton (1986)
reviewed the stressedilatancy relation for 17 different sands and
proposed an empirical relation for dilatancy of soils, where the
angle of dilation is jmax ¼ AbIr, in which Ab is an empirical constant
and has a value of 3 for axisymmetrical and 5 for plane strain
conditions. Such that the dilation angle (j¼ fp  fc) is deﬁned as a
difference of peak (fp) and critical friction angle (fc) in degree.
Accordingly, relative dilatancy is Ir ¼ 10(d 3v/d 3s)/3 where d 3v is
the change in volumetric strain in the zone of shear and d 3s is the
change in shear strain. Ojha and Trivedi (2013) and Xiao et al.
(2014) extended this relationship to the volume change charac-
teristics of compacted silty soils and compacted rockﬁll materials,
respectively. Walton and Diederichs (2015), based upon the ob-
servations of Vermeer and de Borst (1984), related the dilation
angle with the ratios of plastic volumetric strain and shear strains
to conﬁning pressure for intact rocks. Since Jfg is a function of plastic
volume change (Eqs. (20) and (21)), it is advanced for plasticity and
damage of rock masses in relation to empirical ﬁtting parameter
(xpd) as
smr ¼ exp
h
xpdð  dεv=dεsÞ
i
(38)
Based upon the observations of several investigators (Horne,
1965; Rowe, 1969; Akai et al., 1978; Hirai and Sitake, 1982; Spitzig
and Richmond, 1984; Bolton, 1986; Santarelli, 1987; Besuelle
et al., 2000; Vatsala et al., 2001; de Buhan et al., 2002; Stoughton
and Yoon, 2004; Yuan and Harrison, 2004; Castellanza and Nova,
2004; Trivedi, 2010, 2013a; Noorian-Bidgoli, 2014; Perras and
Fig. 9. Variation of intact and rock mass parameters.
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mass materials, the author extended inputs from JC-criterion, and
formulated related strength ratiowith dilatancy of rockmasses, in a
simple form as
smr ¼ exp

apJ
pd
fg

(39)
where ap¼ l/C, and Jpdfg is the modiﬁed joint factor for plasticity and
damage. Eqs. (12) and (39) are similar in appearance but differ
signiﬁcantly in magnitude due to damage.
Similarly, the strength ratio is related to relative dilatancy in-
clusive of damage as
smr ¼ expðxIrÞ (40)
where x ¼ Ab/C.
Ideally, the strength depends upon the number of joints if c0g ¼
1 and upon joint factor alone if cg ¼ 1. Table 8 provides selected
values of coefﬁcient of modiﬁed joint factor and dilatancy index
with varied end conditions and initial conﬁning pressure. Most
often the strain does not remain exactly in plane strain or triaxial
condition, but the end conditions allow for in-between values of ap.
The values of ap and x depend upon volume change characteristics
of rock masses. Interestingly the ranges of their values overlap the
zone of plastic dilatancy of selectedmass materials as also shown in
Table 2 and supported by Eqs. (38)(40).3.3. Numerical formulation
Consequent to the loading, the volumetric strains of rockmasses
are set, accompanied by the joint damage due to the changes in the
magnitude of cracks, micro-cracks and fracture network which can
be modeled for fracturing process in rock masses (Lisjak and
Grasselli, 2014). The stress redistribution continues till the defor-
mation develops. The inﬁnitesimal changes in isotropic pressure
(dp) produces irrecoverable volume changes (d 3pv) which may be
due to plasticity and damage. Hence there is an induced potential
isotropic pressure (di ¼ dp=d 3pv). Therefore, the changes in plastic
shear strain (d 3ps ) and shear stresses (dq) are connected with
changes in the induced potential of isotropic pressure (di). The
plastic shear strain is due to the potential of changes in signiﬁcant
joint parameters (dj ¼ d 3ps =dqÞ: The variables with subscript “ij” in
Eqs. (41)e(52) have dependence on the instantaneous values of
potential of isotropic pressure and joint parameters. The super-
scripts of the variables are used to formulate iterative steps for
incremental damage and plasticity of rock masses. The strain var-
iables, namely, 3pv and 3
p
s , with subscripts representing volumetric
and shear components while superscripts showing range of plastic
behavior can be formulated as
in ¼ diþ in1 (41)
jn ¼ djþ jn1 (42)
where in and jn arrive through a hardening and softening process
characterized by a plastic parameter. In the process, the rock mass
has a maximum conservative component of the input energy cor-
responding to the critical value of pressure. The ﬁnal state of
plasticity and damage does have a scope to capture the initial
conditions in steps by trial.
It was observed that the incremental potential of isotropic
pressure (di) and incremental potential of joint parameter (dj) in-
ﬂuence the contractioneexpansion, translation and shift in p-q
space, which can be represented asf ðq; p; ChsÞ ¼ q Cijp2 þ C0ijpþ C00ij (43)
 
where Cij;C0ij and C
00
ij belong to a set of plastic parameters depending
upon the incremental potential of isotropic pressure (di) and in-
cremental potential of joint parameter (dj). For rock masses, the
values of hardeningesoftening parameters Chs and <Chs> can be
related to the set of plastic parameters identiﬁed in Eq. (43).
There is one to one mapping of Chs corresponding to the value of
<Chs> at micro-mechanical and granular level due to unit changes
in the joint damage parameter. The value of Chs for rock masses is
obtained by estimating strength with varying effective conﬁning
pressure for different isotropic ratios (pi/sr).
It was observed that increasing the pressure ratio up to the
critical one (associated with 3hmr) tends to increase the plastic
parameter, while beyond this limit, the plastic parameter tends to
decrease. A critical pressure ratio is a ratio of pressure at peak
softening characterized by ap to that at peak hardening character-
ized by the peak value of Chs. It permits numerical separation of
dominant hardening from that of softening regimes. It is explicitly
difﬁcult to know at which pressure either of the hardening or
softening offsets each other without using the proposed technique.
The solution to Eq. (43) implies an increasing or decreasing inter-
cept on q-axis with increasing conﬁnement. An increasing value of
C00ij conserves energy so that rock masses appear stronger on yield
which is a characteristic of dense granular material (Schoﬁeld and
Wroth, 1968). The effect of C0ij is translational in the p-q space to
actuate softening process. The shape and size of p-q plot in Eq. (43)
is modiﬁed by the parameter Cij and represented as
dq=dp ¼ 2Cijpþ C0ij (44)
dðdq=dpÞ=dp ¼ d2q
.
dp2 ¼ 2Cij (45)
The shear stress in Eq. (44) is presented in a simpliﬁed form as
dq ¼ dqdεps dεps dεpvdεpvdpdp (46)
dq ¼ dqdεps Fdεpvdpdp 47)
where F is a function of d 3ps =d 3
p
v which is opposite to dilatancy. Thus
we have
dq=dp ¼ Fdqdεps dεpvdp (48)
If dp=d 3pv / Li, d 3
p
s =dq/ Lj, then we have
LiLj

d2q
.
dp2

¼ dF=dp (49)
From Eqs. (45) and (49), we have

LiLj2Cij

dp ¼ dF (50)
Eq. (50) gives a pressure-sensitive directional frictional ﬂow
with consideration of effects of damage and joint parameters. If
there is a continued gain or decay in strength due to deformations,
either hardening or softening is set into the process, therefore,
solutions to Eq. (43) which considers plasticity and yielding amid
joints for an assumed frictional ﬂow of rock mass can be repre-
sented as
Chs ¼ f ðdj; di; dAÞ (51)
where dA represents a parameter associated with changes in
Helmholtz free energy density due to frictional ﬂow and joint
damage at an ambient temperature normally ignored in the rock
Table 11
Constants used for calculation of plastic parameter Ch in hardening range.
End
conditions,
ap
Values of k and h for evaluation of plastic parameter Ch in
hardening range
ka ha Initial
convexityb
kb hb Final
convexityb
0.005 0.04 1 p/80 0.040015 1.011 p/628
0.006 e e p/92 0.034129 1.028 p/524
0.007 e e p/110 0.028446 1.08 p/448
0.008 0.022 1.23 p/136 0.022967 1.167 p/392
0.009 0.02 1.25 p/178 0.017691 1.288 p/350
0.01 0.011 1.42 p/248 0.012619 1.444 p/314
0.011 e e p/406 0.00775 1.636 p/286
0.0125 0.001 2 p/3800 0.000828 1.988 p/250
Note: aTrivedi (2013a), b Interpreted values.
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damage sensitive plastic parameter, Chs, is expressed as
Chs ¼ f

pi=sr; ap; < hhs >

(52)
where <hhs> is the joint damage parameter. If J
p
fg > J
h
fg, then
<hhs><1; if J
p
fg ¼ Jhfg, then <hhs> ¼ 1; and if J
p
fg < J
h
fg, then <hhs>>1.
In the initial hardening range, Chs / Ch, then Chs ¼ f(pi/sr, ap),
which can be expressed as a power function:
Ch ¼ kðpi=srÞh (53)
The limit values of hardening and softening parameters are
listed in Table 10, and the values of constants k and h used in Eq.
(53) are shown in Table 11.3.4. Discussion of results
As a consequence of these observations, it is understood that
softening of resistance to loading and volumetric dilation control
the relationship of smr and Emr.
The strength of intact cemented and jointed material specimens
is plotted (Fig.10) from the published data sets (Lama and Vutukuri,
1978; Arora, 1987; ACI-318, 1995; Ramamurthy, 2004; Sonmez
et al., 2004; Singh and Rao, 2005; Chun et al., 2009) for modulus of
deformation as
sr ¼ agEdr (54)
sm ¼ agmEdmm (55)
where ag and agm are constants of proportionality showing effects
of unit weight and strain level on rock masses, respectively; d and
dm are the ﬁtting exponents which depend upon softening due to
the dilation of intact rock and rock masses from the passage of
initial tangency to an eventual failure:
smr ¼ amrEdmrmr (56)Table 10
Limit values of hardening and softening parameters.
Rock mass
classiﬁcation
Rock type Ch R2 ap
Intact rock Westerly granitea 0.0024 0.963 e
Intact rock KTB amphibolitea 0.002 0.9066 e
Intact rock Dunhum dolomitea 0.002 0.897 e
Intact rock Solenhofem limestonea 0.00016 0.7059 e
Intact rock Muzeho trachytea 0.0038 0.8874 e
Intact rock Shrihama sandstonea 0.01 0.8391 e
Intact rock Dense marblea 0.0004 0.9801 e
Intact rock Yuubari shalea 0.0018 0.7039 e
Jointed rock Splitting modeb 0.02 e 0.0123
Jointed rock Shearing modeb 0.02 e 0.0123
Jointed rock Rotation modeb 0.05 e 0.025
Jointed rock Sliding modeb 0.035 e 0.018
Jointed rock All typesc 0.0115 e 0.008
Rock masses All types (based upon
in-situ Jfg)f
0.024d e 0.012e
Rock masses All types(based upon
RMR)f
0.035d e 0.028e
Rock masses All typesd,e 0.0001
to 1
e 0.0001
to 0.1
Note: Using best ﬁtting results from published data of a Al-Ajmi and Zimmerman
(2005), b Singh and Rao (2005), cArora (1987), d Trivedi (2013a,b), e Present work,
f Interpreted from the data of Chun et al. (2009).where dmr is a ﬁtting exponent which varies according to the
relative dilation of rock mass compared to that of intact rock. If
agm ¼ ag, then smr ¼ Edmrmr : Table 9 shows values of dmr computed
from the available data sets of several investigators along with the
determination coefﬁcients.
As per the empirical estimates shown in Table 9, dmr normally
takes a value from 1 to 0.4.
In fact, Eq. (56) provides an empirical estimate for the rela-
tionship between strength and modulus ratio without consider-
ation of joint contraction and dilation (Fig. 10).3.5. A relationship of smr vs. Emr based upon pressure and damage
sensitive plastic parameter, joint parameters and RQD
The typical shear-volume change characteristics of jointed rocks
under mechanical loading are shown in Fig. 1. The observations of
the volumetric response of rock masses are summarized (Table 2)
as follows: (1) The mass materials can be characterized in a rela-
tively intact (strong) and a fully mobilized (weak) state where the
strength can be lower than that obtained at the critical state, as
postulated in DSC. (2) Irrespective of the magnitude of the
conﬁning pressure and joint conditions, there exists an initial phase
of linear contraction which is characterized by “hardening” effects.
(3) The bigger grains and intact block show crack initiation and
damage. (4) Hardening begins initially and continues to offset
damage and softening up to a critical (saddle) pressure. (5) Further
increasing pressures lead to dilation and damage occurring after
contraction effects. (6) The higher the conﬁning stress applied is,
the less the degree of dilation and damage that occurs in the
hardening regime is. (7) As the peak load is reached, deformation
becomes localized along oriented paths, and disintegrates pro-
gressively to collapse. (8) The “softening and damage” produce a
path speciﬁc drop in resistance and cause the resistance of sur-
rounding rock following a pressure gradient.
As Eqs. (12) and (13) and Eqs. (14) and (15) provide a relation-
ship by smr vs. J
p
fg and Emr vs. J
h
fg, respectively, Eqs. (29)e(31)
connect modiﬁed joint factor, joint factor and joint number with
RQD, respectively. As a result, the strength ratio is shown to depend
upon RQD.
There are two ways to validate such a relationship indirectly. As
most of the available data of in-situ testing are captured, not
necessarily, at the arrival of failure, smr vs. RQD relationship is
validated using the available data set of Emr vs. RQD and by evalu-
ating smr using empirical relationship of smr vs. Emr (Eqs. (56) and
(60)). Secondly, utilizing the ﬁnal value of smr from RQD, corre-
sponding to the end values of ap (Eqs. (12) and (13)) using empirical
ﬁtting coefﬁcients a and b for modiﬁed joint factor and RQD rela-
tionship (Eq. (29)).
Fig. 10. Variation of compressive strength and modulus at varied strength levels.
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Eqs. (12), (13), (19) and (56), a parameter, z, is adopted for inclusion
of damage.
The strength ratio (smr) and modulus ratio (Emr) in hardening
range are associated with the ampliﬁcation factor (hhm¼spm/shm,
hhr ¼ spr /shr ) applied on peak hardening strain of rock mass and
intact rock ( 3hm and 3
h
r ), respectively, to provide a plastic strain ratio
( 3pmr) relative to the hardening strain ( 3hmr) for the rock masses as
smr=Emr ¼ ðsm=EmÞ=ðsr=ErÞ (57)
h
spm
.
shm

ε
h
m
i.h
spr
.
shr

ε
h
r
i
¼

hhm
.
ε
h
m
.
hhr
.
ε
h
r

¼ hhmrεhmr ¼ εpmr (58)
The modulus ratio is related to observations of modiﬁed joint
factor in hardening range, similar to the relationship between
strength ratio and modiﬁed joint factor in softening range. There-
fore, it is convenient to propose a relationship between strength
ratio andmodulus ratio incorporating a pressure-dependant plastic
parameter. Hence, we have
smr ¼ Emr exp

apJ
p
fg  ChJhfg

(59)
The experimentally observed values of hardening parameter Ch
of intact and jointed rock masses are shown in Table 10. Table 11
shows the range of observed and computed values of Ch. As the
change in modiﬁed joint factor is signiﬁcant during hardening and
softening processes, Eq. (59) becomes
smr ¼ Emr exp
n
ap



1 Chap < hhs >  < h > 


Jpfg
o
(60)
Chs ¼ ap


1 Chap < hhs >  < h > 

 (61)
where j[1  (Ch/ap) <hhs>]<h>j ¼ z is a pressure and damage
sensitive plastic multiplier, which takes only positive values,
otherwise it violates the laws of thermodynamics. A critical pres-
sure ratio at a saddle pressure is a ratio of pressure at peaksoftening to that at peak hardening. It allows numerical separation
of dominant hardening from that of softening regimes with the
help of two more plastic parameters, namely, <hhs> and <h>.
<hhs> and<h> are also plasticity and damage sensitive parameters
such that they allow a transition between Jhfg and J
p
fg. The nature of
parameter <h> is the signum function undeﬁned at zero. It is a
function of applied pressure and takes a value of1 while changing
its sign as the state of stress is greater than the saddle pressure.
Furthermore, <h> differentiates sensitivity of this parameter such
that <h> ¼ 1, as either hardening or softening takes place. Since
<h> s 0, it implies that the work done is essentially non-
conservative. Similarly z implies that there is a functional relation
between the plastic multiplier and damage parameter. The effect of
variation of plastic parameter Chs (at values of<hhs>¼ 0.1, 1, 10, 100
and 1000) with increasing pressure ratio is shown in Fig. 11.
Fig. 11 shows that the saddle pressure increases sharply if the
joint damage parameter <hhs>>>0.1, as summarized in Fig. 12.
Fig. 13 shows the variation of ampliﬁcation factor with joint dam-
age parameter. An important outcome of the study is to ﬁnd a
pressure at which softening starts dominating the hardening pro-
cess. The peak hardening pressure is obtained from the pressure of
peak hardening shown in Fig. 11, and presented in Figs. 12 and 13.
Corresponding to the plastic parameter, per unit changes in the
joint damage parameter Chs, a variant of plastic parameter <Chs>,
are deﬁned as
< Chs >¼ Chs=< hhs > (62)
The minimum value of <Chs> would attain a non-zero value
(Î < 0), while the maximum value would correspond to the peak
hardening.
From Eqs. (57)e(62), we have
smr ¼ Emr exp

< Chs >< hhs > J
p
fg

(63)
The joint damage parameter (<hhs>) implies deterioration of
the rock mass condition ever since the pressure increases beyond
the peak hardening pressure, while <Chs> is a variant of plastic
parameter per unit change in the joint damage parameter. Fig. 14
Fig. 11. Variation of plastic parameter with conﬁning pressure ratio at different values of <hhs>.
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end conditions and joint damage parameters. Fig. 14 shows the
intermediate stages in the evolution of the parameter Chs with in-
cremental damage as per the increasing values of the damage
parameter, <hhs> at the arrival of shear ﬂow.
Based upon the observations (Bieniawaski, 1978; Chun et al.,
2009; Coon and Merritt, 1970; Ebisu et al., 1992; Isik et al., 2008;
Labrie et al., 1997; Vukovic, 1998; Yang, 2006) Fig. 15 shows indirect
interpretation ofsmr vs. RQD relation using the empirical relationship
of smr vs. Emr at dmr ¼ 0.5 and 1, respectively. The effect of plasticityand damage onRQDhas been considered through a parameter Chs (at
values of z¼ 0.5,1, 2, and 5) as shown in Fig.16. Fig.16 shows indirect
validation from in-situ data. It provides a relation to obtain smr vs.
RQD with consideration of softening and damage.
It would be appropriate to deﬁne the similarity between the two
ways of indirect validation. Both the methods estimate the value of
strength ratio, but the estimate shown in Fig. 15 is obtained by the
crude empirical technique based upon power lawwhile that shown
in Fig. 15 is supported by in-situ empirical data. One of the strong
supports for this validation is the data ﬁtting corresponding to the
Fig. 12. Variation of critical pressure ratio with joint damage parameter.
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observations plotted in Fig. 16a.
The data of smr plotted in Fig. 16a and b do not necessarily
represent the peak strength. From the small scale testing and in-
situ measurements, they relate the deformation and strength of
rock mass as ideally shown in Eqs. (38)e(40) through the use of
damage sensitive plastic parameter.
Therefore, utilizing the relationship of joint mapping through
damage and pressure sensitive characteristics in hardening and
softening ranges (Eq. (59)), the strength ratio is expressed as
smr ¼ Emr exp

Chs J
p
fg

(64)
By applying and utilizing Eq. (29), the rockmass strength ratio is
expressed in terms of the plastic parameter and RQD as
smr ¼ Emr exp½aChs expðbRQDÞ (65)Fig. 13. Variation of ampliﬁcation paramewhere a ¼ 1000 and b ¼ 1 to 0.01, depending upon joint
characteristics.
Eqs. (64) and (65) provide a relationship to obtain the strength
based upon pressure dependent softening and damage. The values
of Emr and smr evaluated from in-situ observations are presented in
Tables 12 and 13.
Therefore, using Figs. 15 and 16, the strength ratio may be
expressed as an exclusive function of RQD:
smr ¼ m log10RQDþ n (66)
where m and n depend upon the pressure and damage sensi-
tivities of rock masses. The damage and pressure sensitivities as
per the selected data set are shown in Tables 14 and 15, which
show varied levels of initial plasticity quantiﬁed through n. If the
block obtained from a core recovery sample is less than 10 cm in
length, the RQD value sets to zero. As RQD ¼ 0, log10RQD reaches
singularity, it cannot be deﬁned. Therefore, the strength ratio canter hhmr with joint damage parameter.
Fig. 14. Variation of plastic parameter with conﬁning pressure ratio for varied joint damage parameters at different end conditions.
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the strength ratio at RQD ¼ 1, since log10RQD ¼ 0, smr ¼ n in Eq.
(66). In fact, n can be ﬁne adjusted as a function of modiﬁed joint
factor (Table 16).As RQD/ 0, Eq. (66) has constants (m and n) and the strength
may be obtained by statistical extrapolation. For evaluating the
strength corresponding to RQD / 0, there are a wide-ranging
values of Jfg associated with varied site stress condition,
Fig. 15. Indirect validation of relationship of smr vs. RQD. Data points are obtained by J
p
fgChs / 0 in Eq. (9) and different values of dmr; dotted lines are obtained by ap ¼ 0.002
to 0.025 with reference to the best ﬁt with the power law.
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Fig. 6.
The relationship proposed in Eq. (66) is further supported by
the back calculated data of RQD shown in Fig. 17 which deter-
ministically quantify the initial plasticity and damage through
rock mass parameters considered in the modiﬁed joint factor vs.
RQD relation.
Fig. 17 provides a validation for the theoretical relationship of
RQD and strength ratio in a generalized form, taking plasticity and
damage into consideration (ap and z) at varied levels of accumulated
plastic strains characterized by the rock mass parameter b. Fig. 17d
shows indirect validation of the theoretical relationship shown in
Fig.17aec using calculated data of RQD andmobilized strength ratio
in the hardening range obtained from in-situ data. Fig. 17e shows
direct validation of the theoretical relationship shown in Fig. 17aec
using back calculated data of RQD and mobilized strength ratio in
the softeningedamage range obtained from laboratory tests.
Based upon the in-situ observations of strength ðsobsm Þ corre-
sponding to a RQD value in two most probable states of strength,namely, the minimum (sminm ) and maximum (s
max
m ) strength ratios,
an index of progressive failure (Im) is deﬁned as
Im ¼

sobsm  sminm
.
smaxm  sminm

(67)
Im ¼ MrqdRQD (68)
where Mrqd is the slope of linear ﬁtting obtained from Im vs. RQD
observation.
The index of progressive failure (Im) is obtained from the values
of the minimum (sminm ) and maximum (s
max
m ) strengths from plas-
ticity and damage sensitivities of rock masses. An example of the
index of progressive failure observed in the laboratory and in-situ
test is shown in Fig. 18. The value of Mrqd depends upon the na-
ture and extent of inherent and induced discontinuities in the rock
mass. Therefore, for each data set,Mrqd can be statistically obtained,
and Mobsrqd ¼ Im=RQD is calculated. The value of Imr ¼ Mobsrqd=Mrqd
Fig. 16. Indirect validation of relationship of smr vs. RQD. Data points are obtained by J
p
fgChs / 0 in Eq. (64) and different values of z; dotted lines are obtained for ap ¼ 0.002
to 0.025 with reference to the best ﬁt.
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gressive failure of the data set. This indicates that full mobilization
of strength exists while it is negligible when the index tends to
zero. It can be observed that themaximum strength is mobilized for
RQD as low as 20% for the selected in-situ test data.Table 12
In-situ modulus ratio of rock masses evaluated from published data set.
Published data seta
Depth
(m)
UCS
(MPa)
Observed
RQD (%)
Discontinuity
condition
Groundwater
condition
Discontin
orientati
adjustme
5 28.4 5 9 7 10
8.5 148.9 3 10 7 5
9.5 12.1 8 12 7 5
20.4 82.9 17 24 10 5
8.5 109.9 6.3 12 10 5
17.5 70 17.2 20 7 5
31 119.9 19.2 27 7 5
8.5 213.9 16.4 17 10 10
17 219.9 20 27 7 10
24 159.9 20 25 7 15
Note: Using published data set of ten observations from a Chun et al. (2009) and b Trive4. Steps for implementation of present technique
The following steps may be considered to implement the pre-
sent technique:Interpreted Emr using published workb
at a ¼ 1000, b ¼ 0.1 and z ¼ 1
uity
on
nt
RMR Emr ap ¼ 0.005 ap ¼ 0.008 ap ¼ 0.0125
21 0.19 0 0.005 0.87
33 0.09 0.013 0.195 0.982
30 0.28 0 0 0.137
62 0.19 0.008 0.088 0.922
42 0.11 0.014 0.181 0.976
54 0.28 0.008 0.088 0.921
71 0.35 0.017 0.126 0.931
59 0.33 0.459 0.76 0.998
76 0.46 0.34 0.648 0.994
62 0.36 0.118 0.375 0.978
di (2013a).
Table 13
In-situ strength of rock masses evaluated from published data set.
Published data seta Using a ¼ 1000, b ¼ 0.1 and z ¼ 1b smr at different values of apb
Depth (m) UCS (MPa) Observed RQD (%) Vertical stress
(MPa)
RMR r Jn gd Jw n Jfg ap ¼ 0.002 ap ¼ 0.005 ap ¼ 0.009 ap ¼ 0.0125
5 28.4 5 0.14 21 0.76 6 0.3 0.47 0.67 84 0.297 0.048 0.004 0.001
8.5 148.9 3 0.23 33 1.05 6.4 0.33 0.47 0.33 118 0.227 0.025 0.001 0
9.5 12.1 8 0.26 30 0.62 6.4 0.4 0.47 0.33 166 0.407 0.106 0.018 0.004
20.4 82.9 17 0.55 62 0.95 8.6 0.8 0.67 0.33 51 0.694 0.401 0.193 0.102
8.5 109.9 6.3 0.23 42 1 9.5 0.4 0.67 0.33 107 0.345 0.07 0.008 0.001
17.5 70 17.2 0.47 54 0.92 8.5 0.67 0.47 0.33 89 0.699 0.408 0.2 0.107
31 119.9 19.2 0.84 71 1.01 13 0.9 0.47 0.33 92 0.746 0.48 0.267 0.16
8.5 213.9 16.4 0.23 59 1.11 10.8 0.57 0.67 0.67 39 0.678 0.379 0.175 0.089
17 219.9 20 0.46 76 1.11 16.9 0.9 0.47 0.67 54 0.763 0.508 0.296 0.184
24 159.9 20 0.65 62 1.06 12.2 0.83 0.47 1 30 0.763 0.508 0.296 0.184
Note: a Using published data set of ten observations from Chun et al. (2009) and b Interpreted values using present work.
Table 14
Evaluation of in-situ strength of rock masses from RQD in Eq. (66) using smr-Emr
power law relationship.
Rock mass characteristic parameters Reference ﬁgure
dm ap m n
0.5 0.002 0.3392 0.1697 Fig. 15a
0.005 0.3438 0.5689
0.009 0.2191 0.4152
0.012 0.0975 0.1625 Best ﬁt
0.0125 0.316 0.2688
0.025 0.0229 0.0477
1.0 0.002 0.3392 0.2697 Fig. 15b
0.005 0.3438 0.5689
0.009 0.2191 0.4152
0.012 0.1527 0.1266 Best ﬁt
0.0125 0.136 0.2688
0.025 0.0229 0.0477
Table 16
Index of progressive failure of rock masses from RQD in Eqs. (67) and (68) using
Im ¼ Mrqd RQD.
Rock mass characteristic parameters Reference
ﬁgure
Broad description Mrqd R2 Jfg
In-situ data based upon RMR 0.0273 0.56 10e150 Fig. 18
In-situ data based upon GSI 0.0232 0.486 10e150
Without ﬁll 0.0119 0.484 10e320
Without ﬁll, inclined joints 0.0106 0.718 10e720
Clayey ﬁll 0.0108 0.461 40e260
Cemented ﬁll 0.0056 0.12 18e114
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sheet, namely depth of sample collection at requisite intervals;
unit weight; overburden pressure; joint number; inclination of
joints and orientation parameter; joint condition; the
maximum, minimum and mean thickness of gouge; density ofTable 15
Evaluation of in-situ strength of rock masses from RQD using Eq. (66) using
parameter z.
Rock mass characteristic parameters Reference ﬁgure
z ap m n
0.5 0.002 0.2367 þ0.1602 Fig. 16a
0.005 0.3614 0.3924
0.009 0.3565 0.5679
0.012 0.1527 0.1266 Best ﬁt
0.0125 0.3054 0.5388
0.025 0.136 0.2688
1 0.002 0.3392 0.2697 Fig. 16b
0.005 0.3438 0.5689
0.009 0.2191 0.4152
0.012 0.1527 0.1266 Best ﬁt
0.0125 0.136 0.2688
0.025 0.0229 0.0477
2 0.002 0.3663 0.5551 Fig. 16c
0.005 0.1919 0.3692
0.009 0.0626 0.1271
0.012 0.1527 0.1266 Best ﬁt
0.0125 0.0229 0.0477
0.025 0.0007 0.0015
5 0.002 0.1919 0.3692 Fig. 16d
0.005 0.0229 0.0477
0.009 0.0014 0.0029
0.012 0.1527 0.1266 Best ﬁt
0.0125 0.0001 0.0003gouge; frictional properties; water pressure and RQD. Addi-
tional parameters for inputs of RMR, GSI, and Q-system may
also be considered.
(2) Evaluate the values of Jfg, ap, Ch, Chs, and <Chs> in the spread
sheet using Eqs. (10) and (11), (13), (15), (61) and (62),
respectively. An example to calculate modulus and strength
ratio using joint parameters evaluated from in-situ data of RQD
is shown in Tables 12 and 13, respectively.
(3) Consider Eqs. (36), (38)e(40), inputs of Jfg, conﬁning pressure
and n to obtain a value of ap.
(4) Evaluate the overburden and conﬁning pressure, and consider
Ch according to the values of ap.
(5) Draw a plot between the modiﬁed joint factor and RQD to ﬁnd
out the parameter b (Eq. (21)).
(6) According to the values of ap and b, ﬁnd out the value of smr
from RQD (for example Fig. 17aec).
(7) Estimate values of Chs (Fig. 11) for an appropriate value of<hhs>
and pressure.
(8) Operate Chs at an appropriate pressure upon RQD to get smr at
any in-situ hardening and softening as well damage consider-
ation shown in Fig. 17d and e, respectively.
(9) Obtain the index of progressive failure as per Eqs. (67) and (68)
for the entire length of scan line of RQD.5. Scope of application of the present model
The plastic parameter captures the available data set of strength
ratio obtained from RQD and laboratory testing using the present
technique. The strength criterion used herein provided a data set in
normalized form for the application of this technique. The relations
described above should be judiciously applied with the following
reasons:
(1) The strength criterion cited in the paper is essentially empirical
and the constants associated with various relationships (shown
Fig. 17. Theoretical variation of strength ratio with RQD using the pressure and damage sensitive plastic parameter z ¼ 1, 5 and different ap, implying their effects on varied levels of
accumulated plastic strains identiﬁed by b-values. The effect of plasticity and damage is presented by the solid lines, and the effect of plasticity is shown by the dotted lines.
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Fig. 18. Index of progressive failure obtained from in-situ tests and laboratory data of strength ratio vs. modiﬁed joint factor. RQD is obtained from the modiﬁed joint factor vs. RQD
relationship at the maximum accumulated plastic strain with and without gouge shown by solid and dotted lines, respectively, along with 5% error bars.
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strength. The empirical strength criteria, namely, MC-criterion,
HB-criterion, and JC-criterion, were initially proposed with
idealization and they were extended later to rock masses.
(2) The strength of rock masses depends upon intact rock strength,
joint parameters (represented by the modiﬁed joint factor),
plastic volume change and damage characteristics.
(3) The range of strength ratio is essentially from 0 to 1. The
strength ratio of 1 represents the strength of intact rocks. Oc-
currences of joints, decreasing size, and damage increase the
modiﬁed joint factor, which is observed in a range of 1000e0.
The zero value of modiﬁed joint factor may correspond to the
strength of intact rock.
(4) In-situ characterization of rock masses is carried out by
borehole-log-data (to provide the value of modiﬁed joint fac-
tor) and RQD. RQD is observed in a range of 0e100. The zero
value of RQD is associated with heavily jointed rock masses.
There exists an exponential relation between themodiﬁed joint
factor and RQD based upon the in-situ data characterized by a
ﬁtting parameter b (Fig. 8).
(5) The plastic volume change characteristics consist of dominant
hardening at relatively lower pressures and softening as a
dominant process at higher pressures.
(6) This work applies concepts of progressive stiffness and degra-
dation using a pressure and damage sensitive plastic parameter.
The process used for the development of the present criterion is
one of pure trial-and-error and of numerical implementation.
(7) The hardening ﬁrst increases with isotropic pressure and then
softening and damage appear as an effect of increasing isotropic
pressure. The process from hardening to softening is contin-
uous. As a result, the plastic parameter can be used to show the
critical point between hardening and softening. Hence, the
plastic parameter beyond the peak hardening is a value
approaching the peak softening with plastic volume changes,
shear and damage.
(8) The volume change of rock mass has a nonlinear relation with
the strength. The laboratory estimated values of plastic and
damage parameter can be extended for in-situ evaluation of
strength and accumulated plastic strains adjusted for thelaboratory and ﬁeld data. The precise predictions of strength of
rock masses depend upon an appropriate choice of plastic and
joint damage parameters. As a result, there can be several
possible combinations of rock mass parameters, namely, b, Chs,
ap and z corresponding to a particular RQD which may provide
the same strength ratio.
(9) Similar to the current trends in modeling, the present work
intends to arrive at an appropriate level of plasticity and
damage based upon selection of joint parameters. The purpose
of this technique is to provide a framework to obtain a plastic
parameter isolating damage in relation to strength and RQD and
to ﬁnd it using a simple numerical tool. An index of progressive
failure can be obtained from the in-situ observations of RQD.6. Conclusions
This paper is based upon the current trends in modeling which
does not necessarily predict exact values of in-situ strength of rock
masses but brings out amethodology for more rational estimates of
strength of rock masses with the consideration of pressure and
damage sensitive plasticity using results of laboratory and in-situ
testing. It further presents an argument in favor of wholeness in
the behavior of rock masses such that the strength ratio drops
below the one as the damage and plasticity are introduced into the
mass material as an effect of induced pressure. The trends in
strength criterion and rock mass characterization techniques (RMR,
GSI and Q-system) may not essentially capture altogether the
contraction, dilation and damage sensitivities of joints, fractures
and micro-crack network with reference to in-situ and laboratory
estimates so well as the present proposal.
The relationships between intrinsic joint parameters and the
isotropic pressure provide inputs for a numerical technique to
incorporate these effects into the strength ratio. The results of the
present work show that variability between laboratory testing and
in-situ testing results is essentially due to the plasticity, damage
and the accompanying changes in the joint parameters character-
ized by accumulated plastic strains. This technique considers the
effect of a damage sensitive plastic parameter on strength by initial
A. Trivedi / Journal of Rock Mechanics and Geotechnical Engineering 7 (2015) 540e565 563and end conditions of the parameter of readily estimated modiﬁed
joint factor andwell recognized RQD for rockmasses. The published
data relating the modulus ratio with RQD and the strength ratio
with the modiﬁed joint factor provide a scope for validation of
present proposal and to obtain strength ratio. The recognition of
intrinsic joint characteristics in relation to the pressure and damage
sensitive plastic parameter provides a resolution to the multiplicity
in interpreting the in-situ strength of rock masses.
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Notations
Ab Empirical constant which takes a value 3 for axi-
symmetrical and 5 for plane strain case as per Bolton
(1986).
dA Parameter associated with changes in Helmholtz free
energy density
a, b Fitting parameters for experimental data of RQD and
modiﬁed joint factor
ag, agm, d, dm, dmr Fitting constants and exponents for experimental
data of strength and modulus of rocks and rock
type masses
aHB, mb, and s Empirical rock constants as per the generalized HB-
criterion
C, C0 Cs, Cij, C0ij, C
00
ij Plastic parameters
Ch, Chs, <Chs> Variants of plastic parameter
<h> Signum function which takes a value  1
<hhs> Joint damage parameter
c0g , cg Modiﬁcation factor for joint number and joint factor,
respectively
ap Observed parameter depending upon pressure and joint
characteristic dependent softening
Er, Em Modulus of intact rock and rock mass, respectively
F Flow function
Ir Relative dilatancy index
Ï, Î Limit values for variation of softening parameters such
that Ï> Chs >Î
i Potential for change in isotropic pressure with plastic
volumetric strain
j Potential for change in plastic shear strain with shear
stresses
Jt, Jdj, Jw Factors for joint thickness, depth, ground water condition
Jf, Jfg Joint factor and modiﬁed joint factors respectively
Jhfg; J
p
fg Modiﬁed joint factors in hardening and softening range,
respectively
Jpdfg Modiﬁed joint factor due to plasticity and damage
Jn Number of joints in the direction of loading per unit
length
Lna Reference length ¼ 1 m
M and B Empirical rock parameters depending upon compressive
strength as per the JC-criterion
c, cb, cm Empirical rock constants in JC-criterionnb Joint orientation parameter depending upon inclination
of the joint plane (b) with respect to the direction of
loading
p and dp Mean effective conﬁning pressure and its change,
respectively
pi Initial mean conﬁning pressure
q and dq Shear stress and its change, respectively
r Reference joint strength parameter
RMR, Q, GSI, MC, JC, HB Rock mass rating, Q-system, Geological
strength index, MC-criterion, JC-criterion
and HB-criterion, respectively
RD Relative density of gouge
RQD Rock quality designation
l and C Empirical parameters for dilatancy of joints
3hr ; 3
h
m; 3
h
mr Hardening strains of intact rock, rock mass and
hardening strain ratio
3
p
mr Plastic strain ratio of rock mass and intact rock
3
p
v ; 3
p
s Plastic volumetric strain and plastic shear strain,
respectively
hhr ; h
h
m; h
h
mr Stress multiplication factors for hardening of intact
rock, rockmass, and rockmass stress ratio to reach full
plastic state
z Damage sensitive plastic multiplier
s1, s2, s3 Principal stresses in the intact rock
s1m, s2m, s3m Principal stresses in the rock mass
s1N, s3N Principal stress ratios used in the JC-criterion, s1N ¼ s1m/
sr and s3N ¼ s3m/sr
sr, sm Uniaxial compressive strength of intact rock and rock
mass, respectively
sa Reference stress, sa ¼ 1 kPa
smr, Emr Strength ratio and modulus ratio, respectively
Li, Lj Li ¼ dp=d 3pv and Lj ¼ d 3ps =dq
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